T [DEPOS RY. -- _ - - --- -f - -- *~ ., - - ---- a 19-.. -J - - .. , - - -- --- - -- -- -- --- - - -- -- _ -- -- ... * - - 0 - - O - - - -- -- -
PREVIOUS WORK
Surprisingly few reports have been published on the stratigraphy of the Frontier Formation in the Uinta Mountains area. Walton (1944) described the regional relations of Cretaceous rocks of the Uinta basin including the Frontier along the south flank of the Uinta Mountains. Cobban and Reeside (1952) included the Frontier on the south side of the Uinta Mountains in their discussion of regional relations of the Frontier Formation of Wyoming. Weimer (1962) made subsurface correlations of the Upper Jurassic through Middle Cretaceous rocks (including the Frontier) in south-central Wyoming and northwestern Colorado, primarily around the east plunge of the Uinta Mountains. Hale and Van de Graaff (1964) showed regional correlations for the total Cretaceous section, including the Frontier, in northeastern Utah and adjacent areas. Hansen (1965) mapped and described the Frontier Formation as well as other rocks on the north side of the Uinta Mountains in northeasternmost Utah. Maione (1971) described and correlated the Frontier from the Vernal area in northeastern Utah eastward into northwestern Colorado. His correlations are similar to those of this study, although there are minor differences. Doelling and Graham (1972) reported on the coal in the Frontier and included several measured sections of the formation. Merewether (1983) , Merewether and others (1984) , and Merewether and Cobban (1986) showed the correlation of the Frontier Formation of Wyoming with the Frontier on the north side of the Uinta Mountains in northeasternmost Utah and northwesternmost Colorado.
In addition, Merewether and Cobban (1986) showed the regional lithofacies patterns of different parts of the Frontier and age-equivalent rocks throughout Colorado, Wyoming, much of Utah, and the southern part of Montana. Ryer and Lovekin (1986) , using widely spaced drill-hole logs and published outcrop studies, speculated on the relations between the unconformity at the base of the Frontier and the Vernal delta (the prograding clasticwedge part of the Frontier) and tectonics of the ancestral Uinta Mountains.
METHODS
For this study, 18 stratigraphic sections of the Frontier Formation and associated strata were measured and described by the authors along the outcrop belt around the Uinta Mountains ( fig. 1 ). An additional section at Vermillion Creek is from Reeside (1955) . Exposures in the eastern half of the study area are much better and more abundant than those in the western half; outcrops in the western part are at higher elevations and are restricted by vegetation. All sections were measured with a Jacob's staff; the accuracy of thicknesses and differentiation of facies were emphasized. Except at Currant Creek (control point 1), in the western part of the area, errors in thickness measurements are probably less than 10 percent of the correct thickness. In some cases, however, measured thicknesses of shale sections in outcrops, especially where steeply dipping, are greater than indicated by nearby drill holes. This is thought to be due to expansion of shale sections in surface exposures as a result of release of confining pressure or possibly to minor repetition of section by undetected, small limbthrust faults. At Currant Creek, discontinuous exposures, covered intervals, and possible structural complications associated with folding and faulting of the thrust belt ( fig. 1) 
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potential logs of drill holes. The crossbed dip directions shown in the graphic columns were those observed while measuring the section. They are not the results of a thorough investigation of paleocurrent directions. (Hansen, 1965) and all areas to the north (Cobban and Reeside, 1952; Merewether, 1983; Merewether and others, 1984; Merewether and Cobban, 1986) . Both units, however, have been considered members of the Mancos Shale in the Colorado portion of the north flank of the mountains (Sears, 1924; Reeside, 1955; Rowley and others, 1985) and all areas along the south flank (Walton, 1944; Cobban and Reeside, 1952; Kinney, 1955; Maione, 1971; Rowley and others, 1985) , although many authors consider them as formations (Stokes and Madsen, 1961; Hale and Van de Graaff, 1964; Doelling and Graham, 1972; Uyger and Picard, 1985; Ryer and Lovekin, 1986 (Hansen, 1965) ; in Colorado, these shales are assigned to the main body of the Mancos Group, as they are on the south flank. Location SE/4 sec. 13, T. 1 S. R,11 W. NE/4 sec. 1, T. 2 S., R. 11 W. S/2 sec. 16, T. 1 S., R. 9 W. SW/4 sec. 12, T. 1 S., R. 8 W. W/2 sec. 7, T. 1 S., R. 7 W. W/2 sec. 7, T. 1 S., R. 7 W. NW/4 sec. 9, T. 1 S., R. 7 W. SE/4 sec. 24, T. 1 N., R. 6 W. SW/4 sec. 9, T. 6 S., R. 24 E. SE/4 sec. 8, T. 6 S., R. 24 E. SW/4 sec. 9, T. 6 S., R. 24 E. NW/4 sec. 27, T. 3 N., R. 22 E. SE/4 sec. 11, T. 10N., R. 101 W. NW/4 sec. 30, T. 10 N., R. 100 W. NW/4 sec. 30, T. 10N., R. 100 W. NW/4 sec. 30, T. 10 N., R. 100 W. E/2 sec. 10, T. 1 S., R. 5 E.
Dakota Sandstone and Cedar Mountain Formation
Coalville area
M6
Evolution of Sedimentary Basins-Uinta and Piceance Basins 
Mowry Shale
The Mowry Shale of early Cenomanian age sharply but conformably overlies the Dakota Sandstone. The Mowry formerly was considered late Albian (Early Cretaceous) in age on the basis of Neogastroplites fauna; however, Cobban and Kennedy (1989) D-D') , are probably early Cenomanian in age. In addition, Eicher (1965) reported calcareous planktonic foraminifers from the upper 26 ft (8 m) of the Mowry Shale along the Front Range in northern Colorado that also indicate a Cenomainan age for at least part of the Mowry. Hence, the Mowry Shale in this report is considered early Cenomanian in age. Regardless of where the Albian-Cenomanian boundary lies, the absolute age at the top of the Mowry is about 96 Ma inasmuch as the radiometric ages assigned to the Mowry are from bentonite beds in the Mowry (Obradovich and Cobban, 1975 ).
The Mowry is widespread throughout the northern Rocky Mountains and was deposited during the first marine transgression of the Cretaceous seaway, which advanced from the north or northeast. In the study area, the Mowry ranges in thickness from about 285 ft (87 m) at Bridger Lake to 80-90 ft (24-27 m) near the UtahColorado State line southeast of Vernal ( fig. 1 ). Farther south in the Uinta basin and along the Douglas Creek arch ( fig. 1) , it thins to zero by depositional thinning and by grading into the underlying Dakota Sandstone (Sharp, 1963; Hale and Van de Graaff, 1964) The Mowry Shale consists of interbedded, platy to fissile, hard, dark-gray, siliceous shale and bentonite. Fossil fish scales and fish bone fragments characterize the Mowry. Some parts of the Mowry are more siliceous than others as indicated by resistivity logs of drill holes and the variable resistance to erosion of outcrops. On the south side of the Uinta Mountains from Vernal eastward ( fig. 1) , the upper part of the Mowry is more siliceous than the lower part. On the north side, however, the top of the Mowry is softer (less resistant to erosion) and is about 30-35 ft (9-11 m) above a more resistant unit of the formation. The Mowry weathers to small, brittle, silver-gray chips of shale that strongly contrast with overlying and underlying shales ( fig. 5) . Even in areas of rubble or mostly covered outcrops, the contacts can be located. On resistivity logs from drill holes, the Mowry is distinguished from shales of the overlying Frontier Formation by the greater resistivity of the Mowry. In some areas on the north side of the Uinta Mountains, where the uppermost part of the Mowry is less resistive and less siliceous, the placement of the upper contact on drill-hole logs is less certain.
At Farm Creek (control point 3, plate 1, section A-A') on the south side of the Uinta Mountains, a poorly exposed sandstone unit occurs near the middle of Mowry Shale. This anomalous sandstone, about 25 ft thick, is poorly consolidated, well sorted, and upper very fine grained in the lower part grading upward to lower fine grained. We interpret this unit to be an offshore bar, but did not trace it or recognize it elsewhere. consequently is covered in most areas. 
Unnamed Shale Unit
Frontier Formation
The Colorado ( fig. 1 ). For discussion purposes, the Frontier is divided into six genetic lithofacies, some of which are areally restricted. In ascending order, these facies are:
(1) a basal transgressive marine sandstone on the west, Graaff (1964) , and Ryer and Lovekin (1986 
Basal Sandstone
A basal sandstone of the Frontier on the south side of the western part of the Uinta Mountains is the oldest part of the Frontier in the study area and is interpreted as a transgressive marine sandstone (plate 1, section A-A').
In the Red Creek and Farm Creek areas, the sandstone unit is about 50 ft (15 m) thick, is fine to very fine grained, and contains common to abundant oysters and a few other bivalves. Its contact with the underlying unnamed shale unit is sharp; in some places the sandstone fills scours in the underlying shale. The contact is interpreted to be unconformable. The inoceramid Mytiloides mytiloides from the upper part of the sandstone indicates an early Turonian age for this unit.
The sandstone thickens to the west and thins to zero, probably by depositional onlap, to the east between control points 3 and 4 (plate 1, section A-A'). This shale unit ranges in thickness from less than 50 ft (15 m) to more than 150 ft (46 m) and correlates with, and is continuous with, the Tununk Member of the Mancos Shale along Castle Valley and the Wasatch Plateau southwest of the Uinta basin ( fig. 1 ). In the study area, we propose calling this shale unit the Tununk Shale Member of the Frontier Formation of the Mancos Group to emphasize its stratigraphic relation with the same named member of the Mancos Shale on the south side of the Uinta basin. The Tununk consists of dark-gray silty shale and siltstone that weathers light brown, in strong contrast to the underlying silver-gray-weathering Mowry Shale ( fig. 5) . Where it overlies the Mowry, the basal contact is sharp, and the lack of a paleosol or basal lag marking the unconformity is thought to be due to the unconformity being developed in a submarine environ- To the east along the south side of the Uinta Mountains, the Tununk Member overlaps the basal sandstone and the unnamed Cenomanian shale unit and onlaps onto the Mowry Shale. Where it rests directly on the Mowry, the Tununk Member is late middle Turonian in age (zone of Prionocyclus hyatti). The lower and lower middle Turonian parts of the member probably have lapped out. East of the stratigraphic rise of the overlying coastal sandstone in the eastern part of the area, the upper part of the Tununk probably ranges into the late Turonian (zone of Prionocyclus macombi) (plate 1, section A-A').
Tununk Shale Member
Regressive Coastal Sandstone
The regressive coastal sandstone separates offshore marine shale below (and seaward) from overlying (and landward) nonmarine deposits. It gradationally overlies the Tununk Shale Member; the gradation from silty shale to sandstone commonly occurs over a 10-to 20-ft-thick (3-6 m) interval, but in some areas the interval is much thicker. The sandstone unit ranges in thickness from about 20 ft (6 m) to as much as 90 ft (27 m) and consists mostly of well-sorted, upwardcoarsening, very fine to lower fine grained sand. In the Currant Creek and Red Creek areas on the west (plate 1, sectionA-A'), thick, crossbedded, upward-fining sequences in the upper half of the total unit are interpreted as estuarine channel sandstones. Ophiomorpha burrows and scattered fragments of Inoceramus and oyster shells indicate a marine influence or origin. Similarly, at Donkey Flat (control point 14, plate 1, section C-C'), an upward-fining sandstone unit that sharply overlies a normal upward-coarsening regressive shoreface sandstone is interpreted as a tidal-channel or possibly estuarine-channel sandstone. This unit contains almost opposed crossbeds and large Ophiomorpha in the top few inches.
Over most of the area, the coastal sandstone is late middle Turonian in age (zone of Prionocyclus hyatti).
East or southeast of the abrupt stratigraphic rise between control points 8 and 9 (plate 1, section A-A'; fig. 3 ), a few collections indicate an early late Turonian age (zone of Prionocyclus macombi). This age dates the relative sealevel rise as occurring between these two zones. The ramifications of this relative sea-level rise as it relates to other areas is discussed later.
The coastal sandstone deposited prior to the relative rise in sea level grades eastward into an offshore shelf siltstone or very fine grained sandstone, as indicated by resistivity logs of drill holes (plate 1, section B-B'). This offshore equivalent of the unit is not obvious in the outcrop sections because it is generally covered or poorly exposed.
The seaward extent of the upper or last coastal sandstone unit extends far beyond the study area as a thin offshore shelf sandstone (see control point 13 on plate 1, section A-A'). This sandstone indicates a widespread uniformly shallow sea during deposition of this part of the Frontier.
Nonmarine Deposits
Nonmarine deposits overlie and in places fill scours at the top of the coastal sandstone unit. This nonmarine unit ranges in thickness from about 430 ft (130 m) at control point 2 near Red Creek to a pinchout edge between control points 9 and 10 east of Vernal ( fig. 3) . On the north side of the Uinta Mountains, it is thickest near control point 16 in the Manila area, where only about 100 ft (30 m) is present (fig. 4) . The nonmarine unit represents subaerial deposition on a delta plain or coastal plain and consists of paludal and interfluvial 
Transgressive Coastal Sandstone
A transgressive coastal sandstone unit, which conformably overlies the nonmarine rocks, crops out along the south flank of the western part of the Uinta Mountains (control points 1-4, plate 1, section A-A').
Except for a very thin (<5 ft) sandy zone in some areas, the unit is not present in outcrops along the flanks of the eastern part of the Uinta Mountains. Based on interpretations of well logs, a transgressive sandstone is present in the Bridger Lake area on the north side of the Uintas (control points 49, 50, plate 1, section D-D') . The transgressive coastal sandstone abruptly overlies nonmarine deposits; a coal bed, which has been mined in some areas, commonly underlies or is a short distance beneath the sandstone unit. The upper contact of the sandstone is usually concealed but is presumed to be at the base of the main (shale) body of the Mancos Group. At Pigeon Water Creek (control point 4, plate 1, section A-A'), however, the transgressive sandstone is overlain by about 80 ft (24 m) of mostly offshore sandstone. The transgressive coastal sandstone unit is about 20-25 ft (6-8 m) thick and consists of very well sorted, white to light-gray, massive to crossbedded, fine-grained sandstone. Burrows, pelecypod molds, and shale chips are common in the sandstone; generally the sandstone is very clean and porous. In the study area where the offshore-bar sandstone is well developed, it consists of buff-colored, very fine grained sandstone that coarsens very slightly upward. The sandstone is generally thoroughly bioturbated, and large concretions are common in the upper half ( fig. 6) .
Offshore-Bar Sandstone
Whether an offshore bar extends or builds up in the western part of the area is not known because the section above the main part of the Frontier is mostly covered. At
Pigeon Water Creek (control point 4, plate 1, section A-A') several marine sandstone beds occur within an 80-ft-thick (24 m) interval above the main part of the Frontier. It cannot be demonstrated if these are isolated bars or if they merge with coastal sandstones to the west.
Extent of Subaerial-Plain Deposits (shoreline trend)
The seaward extent of subaerial-plain deposits (nonmarine facies), unless subsequently eroded, defines the trend of the shoreline at the time of maximum regression of the Frontier Formation ( fig. 1) . Along the south flank of the Uinta Mountains, the easternmost outcrop or seaward extent of subaerial-plain deposits is in the SW SW of sec. 28, T. 4 S., R. 23 E., about 1 mi (2 km) west of control point 10 (plate 1, section A-A'). At control point 15 (plate 1, section C-C') on the north side of Split Mountain, the nonmarine deposits are very thin; consequently the eastern limit is a short distance to the east. Similarly, at Vermillion Creek (control point 19, plate 1, section D-D') on the north side of the Uinta Mountains, the nonmarine deposits are only about 4 ft (1 m) thick; therefore, the maximum seaward extent is a short distance to the east. A line connecting these three points trends approximately N. 600 E.
To the southwest across the Uinta basin, the seaward extent of nonmarine rocks is west of Farnham dome (control point 21, fig. 1 ). Facies interpretations of drill-hole logs by Hale (1972) and Ryer and McPhillips (1983) indicate the position of the seaward extent to be about 10 mi (16 km) northwest of Farnham dome. In Wyoming, north of the Uinta Mountains, control is limited to scattered drill holes. Because the wells are deep and the nonmarine section is relatively thin, it is difficult to define the limits of nonmarine rocks in that area, although Hale and Van de Graaff (1964) show the shoreline trending west-northwest. The thinness of nonmarine deposits in wells and outcrops along the north flank of the Uinta Mountains and the predominant northeast-trending current directions indicated by crossbeds in nonmarine channel sandstones (plate 1, section D-D') supports the interpretation of a northwest shoreline trend in that area.
Correlations with Adjacent Areas
Correlations of the Frontier Formation northward into Wyoming from northwesternmost Colorado and northeasternmost Utah are shown in Merewether (1983) and Merewether and others (1984) . These are mostly subsurface correlations; the nearest outcrops, other than those in the thrust belt of southwestern Wyoming, are in south-central Wyoming near Sage Creek, 90 mi (145 km) east-northeast of the juncture of Utah, Colorado, and Wyoming, or on the east flank of the Wind River Mountains, about 120 mi (190 km) north of the juncture. Because the nonmarine part of the Frontier is thin, if present, in the subsurface north of the Uinta Mountains, it is difficult or impossible to separate the nonmarine and marine facies on well logs. Because of the uncertainty in separating marine and nonmarine rocks, which we think is important in correlating and mapping facies, we do not include a figure showing correlations northward from the north flank of the Uinta Mountains. (Refer to Merewether (1983) and Merewether and others (1984) for these correlations.) It is interesting to note that the Belle Fourche Member of the Frontier, a dominantly marine shale unit of Cenomanian age, is present a short distance north of the eastern part of the Uinta Mountains, preserved under the unconformity that separates the Frontier and Mowry Shale in the study area (Merewether, 1983, fig. 8 ). This shale unit may To the west and northwest of the study area, the Frontier Formation is exposed on allochthonous thrust sheets ( fig. 1 ). In the Coalville area, the Frontier is about 7,800 ft (2,377 m) thick and includes strata both older and younger than those in the Frontier in the study area (Hale, 1962; Ryer, 1976) . Figure 7 shows the correlation of the Frontier Formation and associated rocks between the Coalville area and Red Creek. This correlation is similar to that of Hale and Van de Graaff (1964) . tongues involved in the diachronous relation. The Upton Member is no younger than middle Coniacian and the Mesaverde at Red Creek is reported by Walton (1944) The unconformity at the top of the Mowry is interpreted to grade into a conformable sequence within the nonmarine Chalk Creek Member of the Frontier in the foredeep to the west. Similarly, the unnamed marginally marine shale unit, which contains some nonmarine beds on the western flank of the Uinta Mountains, is 1 and 3, fig. 3 ). For explanation of symbols and numbers see figure 7. Douglas Creek arch of the east side of the basin and along the south flank of the basin. One of the few penetrations in the central part of the basin was by the W.A. Moncrief Company Harsing No. 14-1 well in sec. 14, T. 5 S., R. 6 W., Uinta base meridian. This test penetrated the Frontier (or Ferron) at or below a depth of 18,000 ft (5,900 m). The geophysical logs of the well are inadequate for the identification or correlation of lithofacies. Figure 8 shows the correlation across the Uinta basin between Red Creek and Farnham dome.
Again, this correlation is similar to that of Hale and Van de Graaff (1964) .
DISCUSSION
Unconformity at Base of Frontier Formation
The unconformity at the contact of the Frontier Formation and the Mowry Shale represents a hiatus of as much as 6-7 m.y. (early Cenomanian to late middle Turonian.) Some authors (such as Weimer, 1962; Ryer and Lovekin, 1986) suggested that this unconformity is related to mid-Cretaceous growth of the Uinta Mountain uplift. Merewether and Cobban (1986) , however, proposed, from biostratigraphic and subsurface studies, that the uplift associated with the unconformity was a broad, north-trending arch that extended into parts of Utah, Colorado, and Wyoming. Figure 9 shows their interpretation of the shape of the uplift during early middle Shale Member (the part containing calcareous foraminifers as shown in plate 1, section A-A'; fig. 3 ), with no apparent unconformity within or above these rocks, we interpret that this part of the section onlaps the Vernal high. This interpretation is supported by well-log correlations along the east and southeast sides of the Uinta basin that show lower and lower middle Turonian rocks onlapping the Vernal high from the south (Molenaar, unpublished data). Because there are no lag deposits or basal transgressive sandstones associated with the unconformity on the top of the Mowry Shale, it seems most likely that the unconformity developed in a submarine environment, probably as an offshore shoal far distant from a shoreline.
Other authors also have suggested this mechanism (Weimer, 1962; Ryer and Lovekin, 1986) . The unconformity probably developed because of tectonic uplift of the Vernal high peripheral to a developing foredeep to the west rather than eustatic lowering of sea level inasmuch as deposits associated with a late Cenomanian-early Turonian high stand of sea level (Haq and others, 1987) are missing by nondeposition or erosion on the high but are present landward to the west. Merewether and Cobban (1986) .
Progradational Patterns and Relative Sea Level Rise
sea-level or stratigraphic rises we discuss are due to either eustatic rises or basin subsidence or a combination of both. Because these two possible causes cannot be differentiated at the local level, we use the term "relative" to cover all cases. We interpret that relative sea level was fairly constant throughout the area while the coastal sandstone prograded eastward, prior to the time of the abrupt stratigraphic rise east of Steinaker Reservoir (control point 8, plate 1, section A-A'). Ryer and Lovekin (1986) attributed this regression to a eustatic lowering of sea level during the middle Turonian and an abundant supply of clastic sediment from the Sevier orogenic belt. The gradational contact of the regressive coastal sandstone with the underlying Tununk Shale Member suggests continuous deposition. If a eustatic drop did occur at that time, regional subsidence must have masked the effect of the fall in sea level, or after the sea-level drop water depths still must have been at or below wave base. Near the end of the uniform progradation period, however, prior to the rather abrupt stratigraphic rise, a time of downcutting apparently occurred during which the nonmarine channels cut down into the coastal sandstones. This was noted in several areas, such as at control points 5 and 7 (plate 1, sectionA-A'). Furthermore, thin or incomplete coastal sandstone sequences, such as at control points 6 and 8 (Steinaker Reservoir), may have been partially truncated by a channel that was subsequently filled by low-energy backfill deposits (inactive channel fill). A few miles east of Manila (control point 16), on the north side of the Uinta Mountains, a conglomeratic sandstone-filled channel cuts almost completely through the coastal sandstone. It seems that this period of downcutting, which occurred in about the same stratigraphic position in late middle Turonian time, is related to a lowering of base level, possibly eustatic lowering of sea level.
Following the time of downcutting, there was a rise in base level (relative sea-level rise), as indicated by an abrupt stratigraphic rise of the top of the coastal sandstone east of Steinaker Reservoir (between control points 8 and 9, plate 1, sectionA-A', and between control points 8 and 14, plate 1, section C-C'), in the subsurface near Vernal (between control points 43 and 44, plate 1, section B-B') on the south side of the Uinta Mountains, and in the subsurface east of Antelope Flat, probably east of Clay Basin, on the north side of the mountains (plate 1, section D-D'). It is difficult to differentiate nonmarine from marine deposits on the drill-hole logs between Antelope Flat and Vermillion Creek (control points 18 and 19, respectively, plate 1, section D-D'); thus, the abruptness of the rise cannot be confirmed.
The amount of relative sea-level rise as indicated by the stratigraphic rise between control points 8 and 9 (plate 1, sectionA-A') and control points 8 and 14 (plate 1, section C-C') on the south side of the Uinta
